Abstract Gaps and overlaps between pre-preg plies represent common flaws in composite materials that can be introduced easily in an automated fibre placement manufacturing process and are potentially detrimental for the mechanical performances of the final laminates. Whereas gaps and overlaps have been addressed for full composite material, the topic has not been extended to a hybrid composite material such as Glare, a member of the family of Fibre Metal Laminates (FMLs). In this paper/research, the manufacturing, the detection, and the optical evaluation of intraply gaps and overlaps in Glare laminates are investigated. As part of an initial assessment study on the effect of gaps and overlaps on Glare, only the most critical lay-up has been considered. The experimental investigation started with the manufacturing of specimens having gaps and overlaps with different widths, followed by a nondestructive ultrasonic-inspection. An optical evaluation of the gaps and overlaps was performed by means of microscope image analysis of the cross sections of the specimens. The results from the non-destructive evaluations show the effectiveness of the ultrasonic detection of gaps and overlaps both in position, shape, width, and severity. The optical inspections confirm the accuracy of the non-destructive evaluation also adding useful insights about the geometrical features due to the presence of gaps and overlaps in the final Glare laminates. All the results justify the need for a further investigation on the effect of gaps and overlaps on the mechanical properties.
Introduction
Fibre Metal Laminates (FMLs) are hybrid materials consisting of alternating layers of metal sheets and composite layers [1] . Among them, Glare is the best-known member, consisting of aluminium layers and glass fibre reinforced composite layers, see Fig. 1 .
Glare has six different standard grades. All of them are based on pre-preg, made of unidirectional S-glass fibres embedded in a FM 94 adhesive. This pre-preg can be laid-up according to different orientations with respect to the aluminium alloy sheet, resulting in the different grades [3] . Table 1 presents the current Glare grades along with the most significant material advantages. A proper laminate coding system is used in order to uniquely define laminates from Table 1 .
An example is the following: Glare 2A-3/2-0.4, defined as & Glare laminate with fibre orientation according to the Glare 2A definition in Table 1 ; & 3 layers of aluminium and 2 composite layers; each composite layer consists of two pre-preg layers, & Each aluminium layer is 0.4 mm thick.
Glare, as a hybrid, combines some of the advantages of either the aluminium alloy or the composite material. Examples are: better impact properties, damage tolerance and toughness when compared to composites, and better fatigue resistance, corrosion resistance, lower specific weight and ability for tailoring, when compared to aluminium alloys [3, 4] .
Nonetheless, Glare is not immune for the presence of flaws or defects, which could basically be related to both composite and metal physical features. For clarity of notation, a flaw is here intended as a deviation from a perfect material, while a defect is considered as a deviation outside an agreed specification, mainly based on the effect on the mechanical properties of the considered component.
After the manufacturing process, flaws and defects can be found in the cured laminates, namely delaminations, voids, porosity, inclusions, disbonds, and cracks in the aluminium layers, which deteriorate the mechanical properties of the structural component. Hence an accurate and comprehensive understanding of the manufacturing process is essential in order to prevent the onset and evolution of flaws or defects.
Non-Destructive Evaluation (NDE) are inspection routines that allow the assessment of the structural health of the material to reduce manufacturing costs and out of service time of the aircraft due to maintenance operations. However, NDE methods for Glare materials represent a challenging Fig. 1 Typical laminate lay-up for Glare [2] topic due to Glare's highly anisotropic nature and the different properties of each ply which can make the detection difficult.
Various approaches have been considered for the assessment of the quality of Glare structures. They can be grouped in three main techniques: Eddy Current, Ultrasonic, and Infrared Thermography. Most of the time, they were also considered in the same work for comparison purposes.
Fahr et al. [5] determined the extent of damage caused by impact, corrosion and fatigue loads in Glare material by means of Air-Coupled Ultrasonic and Eddy Current methods. Heida and Platenkamp [6] also considered the Eddy Current technique, and Ultrasonic Techniques for the in-service inspection of sub-surface cracks at fastener rows in Glare fuselage structures. Sinke [7] presented a brief overview in which the quality control and the in-service inspection of Glare panels are addressed. The C-Scan method proves to be an effective tool for the quality control, while the Eddy Current method results to be one of the suitable options for in-service inspection. In a further study, Heida et al. [8] performed an investigation on the capability of the Eddy Current sliding probe technique for the in-service detection of cracks in Glare structures, proving the feasibility of the detection using the Eddy Current technique.
Coenen [9] proposed a quality assurance system for Glare laminates showing the inspection equipment and methodologies required to the defects detection. Vos [10] developed a one-dimensional model for characterizing acoustic reflection (Pulse-Echo) responses from thin, Glare-3/2 laminates and aluminium. The reflection response showed that the in-plane position and the depth of delaminations can be obtained with a high accuracy. Rosalie et al. [11] introduced an approach using embedded piezo devices made of lead zirconate titanate (PZT), for the detection of delamination in Glare. Bisle et al. [12] showed that a Pulse-Echo inspection provides a very clear and detailed image of the inspected Glare area, when it was subjected to accidental damages like impacts, lightning strike, etc.. Seyed Yaghoubi et al. [13] studied the impact response and damage induced by a drop-weight instrument on Glare 5 fibre-metal laminates of different thicknesses. The damage characteristics were evaluated using both non-destructive ultrasonic and cross-sectional optical pictures. More recently, Fraguas Garcia [14] investigated the effects that the frequency of phased array ultrasonic transducers had on the detection and characterization of delaminations in Glare laminates of different thicknesses.
Meola et al. [15] focused on the aid provided by Infrared Thermography for nondestructive evaluation of Glare. Several specimens made of full composites, hybrid composites, sandwiches, and metals were considered, addressing three kinds of most common damages (delamination, impact damage, fatigue failure). Also, Ibarra-Castanedo Among the defects that can occur during Glare manufacturing, the presence of intra-ply gaps and overlaps represent issues that are common with the production of fully composite materials. A gap can hence be defined as a very narrow strip in the panel where pre-preg or at least fibres are missing. At the same position, the thickness may deviate slightly. On the contrary, in an overlap more fibres are present, showing a waviness pattern along with a slightly thicker laminate.
The effect of gaps and overlaps represent a source of flaws and defects (e.g. delaminations), affecting the shape (thickness) and the mechanical properties of the final Glare component: tension strength, compression strength, in-plane strength, fatigue life, etc.
In the past [17, 18] , some investigations have been performed addressing the effects of gaps and overlaps on the mechanical properties of carbon-epoxy components. More recent results [18] show the performance of gap and overlap configurations in composite materials, providing the conclusions that the ultimate strength is less affected by the different defect configurations at the lamina level (fibre tension, fibre compression, and in-plane shear) as opposed to the laminate level (open hole tension and open hole compression).
The understanding of the effect of gaps and overlaps in components made from FMLs remains an open subject, whose evaluation can be beneficial for the optimization of manufacturing materials, procedures, and ultimately costs. Therefore, the study of the critical parameters related to the presence of gaps and overlaps in Glare laminates represents a compelling demand, especially for the development of an automated tape layering in manufacturing of FMLs, since narrower tapes could introduce a lot more gaps/overlaps.
In this research, the non-destructive detection and evaluation of gaps and overlap in Glare laminates is investigated.
Since it represents a preliminary investigation, only isolated gap and overlap for each laminate has been considered.
First, a defect-manufacturing phase has been realized in order to consider the influence of different gap and overlap widths on Glare specimens.
Then, an ultrasonic non-destructive procedure has been developed in order to evaluate the quality of the laminates in presence of gaps and overlaps.
Finally, an optical evaluation of specimens cut-outs has been performed in order to recognize the effects of gaps and overlaps on the final cured materials.
Results show the reliability of the C-Scan inspection for the gaps and overlaps detection, and the correlation with the cut-outs images in terms of the defects onset, paving the way for the understanding of the effect of gaps and overlaps in Glare laminates.
Gaps and Overlaps Manufacturing
Specimens of Glare have been manufactured for the gaps and overlaps tests campaign. A Glare 3 grade (0°/90°) has been considered for facilitate the manufacturing operations. A 2/1 lay-up has been selected in order to start the investigation from a configuration that would represent the worst condition for further mechanical properties evaluation. Both 0.3 mm and 0.4 mm aluminium thickness for the laminates have been considered in order to evaluate the influence of a different thickness, and hence stiffness, on the gap and overlaps features.
In the first batch 4 laminates with gaps of 2, 3, 4, and 5 mm have been realized in the 0°pre-preg ply, as depicted in Fig. 2 . Both aluminium sheet thickness of 0.3 and 0.4 mm have been considered. The details of the geometry of the produced laminates with gaps are reported in Table 2 .
In the second batch of 4 laminates, overlaps of 2,3,4, and 5 mm have been produced in the 90°pre-preg ply, as shown in Fig. 3 . Both aluminium sheet thickness of 0.3 and 0.4 mm have been considered. A different rolling direction of the overlaps, with respect to the gaps rolling direction, has been designed since this orientation would be the most likely one to occur during the manufacturing of such laminates. The details of the geometry of the produced laminates with overlaps can be found in Table 3 . 1400 × 320 The appearance of the cured laminates reveals that the presence of the gaps can be visualized by light contrast based on the local thickness laminate variation, especially for the greater ones, i.e. 4 and 5 mm gaps (Fig. 4) . On the contrary, the presence of the overlaps is more difficult to evaluate (Fig. 5) . However, the detection of gaps and overlaps was efficient mainly because of the size of the considered panels, which allows an easy visual light-based inspection. If wider laminates are considered, a more effective inspection is needed. The manufactured Glare laminates with gaps and overlaps have been subjected to an ultrasonic non-destructive analysis. This has been performed by the C-Scan facility available at the Delft Aerospace Structures and Materials Laboratory (DASML). A C-scan system, which is routinely used in the aerospace industry, is based on sending ultrasound signal through the laminate where its attenuation is measured at different positions over its surface. Usually, uniform scanning patterns over the laminate are used, with lines at a small distance from each other. The scanning pattern resolution represents the space between these scanning lines. The measured attenuation is displayed as a greyscale or colour image [9] .
Gaps NDE
For this investigation, the diameter of the ultrasound beam created by the transducer has been set equal to 4 mm, and a resolution of 1 mm (one pulse/mm) has been used for the scanning pattern. The scanning rate has been set equal to 200 mm/s. The water squirters (water is used as medium) have been placed at a distance of 20 cm, with the laminates placed in the middle. The transducer frequency was set at 10 MHz, since this represents the most sensitive frequency for general Glare quality assessment [9] . During the analysis of the acquired data a − 6 dB rejection level of the attenuation is used with respect to a reference flawless area. So, all areas with attenuation larger than 6 dB will be indicated. Table 4 summarizes the adopted C-scan setup. Figure 6 shows the results of the C-Scan analysis performed on the Glare specimens with aluminium thickness of 0.3 mm with 5 and 3 mm gaps (top) and 4 and 2 mm gaps (bottom). Qualitatively, it can be seen from Fig. 6 that for gaps of 5, 4, and 3 mm, the C-scan provides an indication of the presence of the defect due to the attenuation of the gap area (red line) with respect to the undisturbed material. On the other hand, the presence of the 2 mm gaps is not clearly detected. Such occurrence can be attributed to the expected gap reduction due to the resin flow from the adjacent pre-preg, but more likely from an inaccurate selection of the Cscan parameters for the current defect investigation, which will be adapted as follow.
In order to improve the C-scan routine, the scanning rate has been slowed down to 100 mm/ s, the transducers distance has been reduced to 15 cm, and the laminates have been tilted to a few degrees (2°-3°) with respect to the transducers motion, in order to misalign the orientation of the gaps with the orientation of the ultrasound scanning pattern. The adopted changes were intended to reduce the interference of the water drops with the water jet of the bottom squirter, which would lead to an intermittent interruption of the ultrasonic signal transmission [9] . Figure 7 shows the results of the C-Scan analysis performed on the Glare specimens with aluminium thickness of 0.4 mm with 5 and 3 mm gaps (top) and 4 and 2 mm gaps (bottom).
The obtained results show the reduction of the scatter for a better evaluation of all the four different gap widths, proving the benefits of the adopted changes of the C-scan routine. Moreover, the tendency of the pre-preg from the adjacent material to fill the gap due to the autoclave pressure can also be deduced by a non-homogeneous width of the gap lines, significantly shown in the 2 mm gap area, where a different level of attenuation (red and dark grey) are found.
The effectiveness of the gap width evaluation based on the C-scan is also addressed. Table 5 shows the values of the width of the gaps measured directly from the C-scan output by means of a dedicated software (Zeus3). What shows, is that there is a good estimation of the different gap widths, though confirming the reduction of the gap widths due to the curing cycle. Finally, the average attenuation values of the reference material with respect to the gap areas is measured and reported in Table 6 and Fig. 8 . The average values are computed considering six measurement points selected along the length of the laminates. Results show that for both laminates made of aluminium thicknesses of 0.3 and 0.4 mm, the attenuation values are higher for wider gaps. These results are justified by the thickness variations locally induced by the presence of the gap, as it will be presented later (see Table 8 ). A higher gap width (5 mm) yields to a greater local thickness step compared to a lower gap width (2 mm), resulting in a greater attenuation. Therefore, the severity of the gap presence, related to the gap width, can be effectively related to the attenuation level. Moreover, it can be seen that the modified C-scan routine adopted for the laminates with 0.4 mm aluminium thick lead to an overall reduced value of the standard deviations, proving its effectiveness for assessing the severity of the gaps.
Overlaps NDE
The adapted C-scan setup used for the gap investigation of Glare 3-2/1-0.4 has been used for the analysis of the Glare laminates with overlaps. Figure 9 shows the C-Scan of the Glare specimens for the laminates with aluminium thickness of 0.3 mm with 5 and 4 mm overlaps (Fig. 9a) and 3 and 2 mm overlaps (Fig. 9b) .
Likewise, Fig. 10 shows the C-Scan of the Glare specimens for the laminates with aluminium thickness of 0.4 mm with 5 and 4 mm overlaps (Fig. 11a ) and 3 and 2 mm overlaps (Fig. 11b) .
Figures 9 and 10 indicate the presence of a darker area in correspondence of the presence of the manufactured overlaps. However, differently from the gaps investigation, the areas for overlap widths measurement were not possible to clearly define. Therefore, the overlaps width estimation is performed in the next section by means of optical evaluation.
In addition, from the values reported in Table 7 , it can be seen that the average attenuation levels are within the 6 dB with respect to the reference (flawless) area, except for the overlap of 5 mm in the laminate with 0.3 mm aluminium thick, where the threshold is exceed by 1 dB only. Therefore, differently from the gaps investigation, the overlaps regions can be considered as flawless material based on the attenuation threshold level. However, the overlap may introduce small thickness variations which might affect the assembly with back-up structures, e.g. stringers and doublers components, and the different effect with respect to the different aluminium thicknesses (0.3 and 0.4 mm) has to be considered. Conversely from gaps, however, the thickness variations in overlaps is difficult to accurately evaluate, since the area affected by overlaps does not present a clear peak, as it will be presented in section 4.
Optical evaluation of cut-outs
The presence of gaps and overlaps is effectively detected by means of a conventional C-scan analysis. Results reveal that gaps produce evident signal attenuation with respect to a flawless laminate area, while the presence of overlaps does not produce any significant attenuation. The absence of pre-preg and fibre related to the gap presence might cause porosity due to the eccentricity at the gap location and will affect the Glare mechanical properties. Overlaps instead will not introduce any defect in the Glare materials, but can locally affect the laminate thickness, which in turn can cause problems for a later assembly to back-up structures. In order to interpret the results obtained from the C-scan evaluation, a microscopic assessment is necessary. Therefore, in this section, the presence of gaps and overlaps in the previously manufactured Glare laminates is investigated by evaluation of cross section cut-outs. The images show the critical features caused by gaps and overlaps, which are represented by the out-of-ply fibre waviness, mainly due to the pressure that forces the adjacent pristine ply onto the defect, and the ply thickness variations. \.
Gaps optical evaluation
For each specimen, five small pieces (about 2 cm of width) have been cut out along the length of each specimen in correspondence to the gaps position. To be analysed by a microscope, the samples have been placed in a resin and a proper inspection surface was created by abrasion, as shown in Fig. 11 . For practical reasons, only gaps of 2 and 4 mm have been addressed, for both 0.3 and 0.4 mm aluminium thicknesses specimens. The microscopic evaluation of a cross section for a 2 mm gap is shown in Fig. 12 . The images clearly show the presence of the gap area, which is filled by the epoxy resin without fibres. The Fig. 12 Detail of the gap presence in Glare 3-2/1-0.3 scratches (marks) visible in the upper aluminium layer (left side) have been produced by the cutter during the process of gap manufacturing. Such marks provided information concerning the manufactured gap width (MGW). From the measurement of the distance between the two marks, we found out that the MGW at the start of the autoclave process was 2.6 mm for both 0.3 and 0.4 mm aluminium thickness specimens. Therefore, from now a gap width of 2.6 mm will be addressed in order to evaluate the reduction of the gap width due to the cure process. The same width check for the 4 mm gaps based on the marks distance resulted instead to confirm on average the intended gap width realized during the manufacturing stage.
In addition, four parameters have been considered for a quantitative optical evaluation of the effect of a gap: (1) the actual gap width (AGW) after the cure process, (2) the laminate thickness in the gap area, and the laminate thicknesses (3-4) in the areas not affected by the gap presence, respectively at the left and at the right of the gap. The microscope cross-section images of the specimens for both the aluminium thicknesses with the initial gap width of 2.6 mm are reported in Figs. 13 and 14 , respectively. Table 8 presents the average values along with the standard deviations of the mentioned parameters for all of the realized cross sections (5) from the considered specimens.
In order to obtain some general and useful insight/understanding of the geometrical effects of the gap presence, Table 9 shows the average reductions of both the MGW and the laminate thickness. From a comparison of the results presented in Tables 8 and 9 it can be seen that since a thicker aluminium layer (0.4 mm) has a better resistance towards the autoclave pressure, the thickness variations for the thinner metal layer (0.3 mm) are larger, see Fig. 15 . On the other hand, it can be observed that, for the same gap width, the average MGW reduction is higher in the aluminium 0.4 mm thick. This result can also be related to the different stiffness: when the stiffness is higher, the outer metal layer remains relatively flatter and a more uniformly pressure is acting on the pre-preg in the gap areas. However, more tests (or numerical simulations) need to validate this assumption, which is based on average values only.
Last, it can be seen that for the laminate with the same aluminium thickness, the average thickness reduction is larger for a gap 4 mm wide compared to a gap 2.6 mm wide. This result is in agreement with the variation of the attenuation level reported in Table 6 , and confirms the influence of the laminate thickness on the ultrasonic signal attenuation.
Overlaps optical evaluation
As for the gap investigation, the laminates with overlaps have been analysed using cross section cutouts at several overlap positions. For each overlap configuration, four cross sections were made, and were prepared for microscopic evaluation, as previously shown in Fig. 11 . For practical reasons, only gaps of 3 and 4 mm have been addressed, for both 0.3 and 0.4 mm aluminium thicknesses specimens.
As expected from the C-scan analysis, the overlaps attenuation levels stay within the 6 dB threshold with respect to the reference pristine material. Whether this aspect is sufficient for considering the laminate not affected by overlaps it will be addressed in future experimental testing. In Fig. 16 the waviness in the fibres at the overlap is shown, and proving the absence of defects. Differently, from the gaps, the presence of the overlaps does not significantly differ between laminates with different aluminium thickness (0.3 and 0.4 mm). Therefore, only the results from 0.3 mm aluminium are reported. The overlaps, however, change the thickness of the laminate especially if multiple overlaps occur in the same region of a laminate with a higher number of plies, which can be detrimental to the compression properties, and even if not really detrimental from a mechanical point of view, they are unacceptable for the customers. Figures 17 and 18 , show the thickness variations of the 90°ply in overlaps of 3 and 4 mm, respectively. The measurements indicate an extension of the material area affected by the overlap presence and the associated thickness increment, as also reported in Table 10 .
Conclusions
An experimental study was performed on the detectability and geometrical visibility of gaps and overlaps of different widths in Glare laminates.
The detection has been obtained by means of a C-scan ultrasonic routine which showed the gap width reduction after the cure of the laminates, and the attenuation level in the gap areas with respect to the reference (healthy) area which result to be higher for wider gaps, enabling the estimation of the gaps severity along with their position. The C-scan routine performed for overlaps, instead, led to ultrasonic attenuation levels which were slightly lower than the reference area, foreseeing the conclusion that the effect of the presence of the overlaps leads to a potential different impact with respect to the presence of the gaps in terms of defect onset and mechanical properties reduction.
Finally, several cross section images were analysed with a microscope. The images of gaps showed a general width reduction with respect to the initial manufactured gap. The gap is completely filled with the epoxy from the contiguous pre-preg, and some of the fibres shift a little into the gap. Conversely, the cross sectional images from the overlaps, do not show any sign of defect onset, validating the results of the C-scan analysis. An overall laminate thickness increase along with some fibre waviness are observed, indicating a possible impact on the compressive strength and for the assembly with stringers or doublers.
Future works can investigate the presence of gaps and overlaps in different Glare grades, aiming to provide a comprehensive description of the effects of gaps and overlaps which result to be essential to understanding failure mechanisms in the vicinity of a gap and overlap flaws. 
